Bacteria utilize multiple sigma factors that associate with core RNA polymerase (RNAP) to control transcription in response to changes in environmental conditions. In Escherichia coli and Salmonella enterica, Crl positively regulates the S regulon by binding to S to promote its association with core RNAP. We recently characterized the determinants in S responsible for specific binding to Crl. However, little is known about the determinants in Crl required for this interaction. Here, we present the X-ray crystal structure of a Crl homolog from Proteus mirabilis in conjunction with in vivo and in vitro approaches that probe the Crl-S interaction in E. coli. We show that the P. mirabilis, Vibrio harveyi, and E. coli Crl homologs function similarly in E. coli, indicating that Crl structure and function are likely conserved throughout gammaproteobacteria. We utilize phylogenetic conservation and bacterial two-hybrid analyses to predict residues in Crl important for the interaction with S . The results of p-benzoylphenylalanine (BPA)-mediated UV cross-linking studies further support the model in which an evolutionarily conserved central cleft is the surface on Crl that binds to S . Within this conserved binding surface, we identify a key residue in Crl that is critical for activation of E S -dependent transcription in vivo and in vitro. Our study provides a physical basis for understanding the S -Crl interaction.
B
acteria regulate gene expression in order to adjust to changes in environmental conditions. Switching among the factors that bind to core RNA polymerase (RNAP) reprograms the cell's transcriptional networks, redistributing RNAP to promoters that are utilized under alternative conditions (reviewed in reference 1). Escherichia coli has 7 factors, including S ( 38 ; RpoS), the general stress sigma factor (reviewed in references 2 and 3). The concentration of S is regulated at the levels of transcription, translation, and protein stability (reviewed in references 3 and 4). In response to a variety of stresses, the level of S begins to rise, but binding of S to core RNAP to form the holoenzyme (E S ) is weak compared to that of other factors (5) (6) (7) . Therefore, transcription from S -dependent promoters with poor binding constants for the holoenzyme may be limited by the rate of E S formation. The 133-amino-acid protein Crl positively regulates S -mediated transcription (8) . Crl is found in many gammaproteobacteria, although thus far it has been studied only in E. coli and Salmonella enterica (7, 9, 10) . Most transcription factors function by binding to specific DNA sites near the promoter and interacting with the RNAP ␣ or subunit to regulate gene expression (reviewed in reference 1). However, some transcription factors regulate promoter activity by interacting with the catalytic subunits of RNAP, ␤ and ␤=, without binding to DNA, and function by altering the kinetics of the transcription initiation mechanism (reviewed in reference 11). Crl is unusual in that it activates transcription by yet another mechanism in which it binds to free S and stimulates RNAP holoenzyme assembly, raising the concentration of E S , leading to increased activity of S -dependent promoters (7, 9, (12) (13) (14) . Crl might stay associated with S and also affect later steps in transcription initiation, such as promoter DNA binding and/or open-complex formation (12, 14) .
Crl interacts with S conserved domain 2 ( S 2 ), the domain primarily responsible for melting the Ϫ10 element in the promoter (7, 10, 15) . Recently, we identified specific features in S 2 that are required for the Crl-S interaction (7) . Crl binds in close proximity to the residues in S predicted to interact with promoter DNA and directly adjacent to the region where there is a large nonconserved sequence insertion in 70 , the primary sigma factor and closest relative of S (7) . This Crl binding determinant and a DPE sequence found in S but not in 70 are necessary and sufficient to account for the ability of Crl to distinguish among the factors. However, identification of the determinants on Crl necessary for its interaction with S has been hampered by a lack of structural information about Crl.
Here, we present the X-ray crystal structure of Proteus mirabilis Crl at 1.90-Å resolution and identify residues in Crl required for its interaction with S . We utilize a combination of structural information, phylogenetic conservation analysis, bacterial twohybrid interaction assays, in vivo and in vitro transcription, and site-specific protein-protein cross-linking to determine a patch on Crl that is necessary for the S -Crl interaction. This study thus provides critical information for understanding how interaction of Crl with S leads to transcriptional activation.
MATERIALS AND METHODS
Additional details and modifications from previously published methods are provided in the supplemental material. Strains, plasmids, and oligonucleotides. Complete lists of strains, plasmids, and oligonucleotides are provided in Tables S3 to S7 in the supplemental material. Site-directed mutagenesis of plasmids was performed using the QuikChange Lightning kit or by DNA synthesis with Pfu Ultra II Fusion DNA Polymerase (Stratagene) (7) . Random mutagenesis was performed by PCR as described previously (16) . Strains for bacterial two-hybrid (BTH) analysis were created by cotransformation of a strain harboring a promoter-lacZ reporter on an F episome with plasmids encoding bait and prey fusion proteins. The osmY promoter-lacZ transcriptional fusion reporter is encoded by a single-copy prophage (7) . Gene deletions and allelic replacements were made by Red-mediated recombination (17) or were obtained from the Keio collection (18) . Mutant alleles were transferred to strains by transduction with P1vir (19) .
Protein purification. E. coli core RNA polymerase was prepared as described previously (20) . Untagged E. coli S was prepared from inclusion bodies and refolded as described previously (21) . His 6 -tagged P. mirabilis Crl with Se-Met substitutions was overexpressed and purified by Ni-nitrilotriacetic acid (NTA) affinity chromatography and the AKTAxpress system (GE Health Systems), as described previously (22) , and the affinity tag was cleaved with His-tagged tobacco etch virus protease, followed by an additional Ni-NTA purification to separate the protease, uncut protein, and affinity tag. E. coli His 6 -Crl was overexpressed and purified using Ni affinity and heparin chromatography, and the tag was removed by thrombin cleavage. His 6 -Crl (or Crl variants) and His 6 -S (or S variants) with p-benzoylphenylalanine (BPA) substitutions, some containing an N-terminally encoded heart muscle kinase (HMK) recognition site, were expressed and purified by Ni affinity chromatography as described previously (7, 23, 24) .
Protein crystallization. Crl crystals were screened using commercially available screens: MCSG-1-4 (Microlytic, Burlington, MA) and Index Screen (Hampton Research Corp., Aliso Viejo, CA) at 24°C and 16°C. Vapor diffusion sitting drops contained 0.4 l of protein and 0.4 l of screening solution and were set up in 96-well CrystalQuick plates (Greiner Bio-One, Monroe, NC) over wells containing 140 l screening solution using a Mosquito liquid dispenser (TTP Labtech, Cambridge, MA). Crystals were obtained under several conditions, cryoprotected by a brief transfer to the crystallization solution plus 25% ethylene glycol, flash cooled in liquid nitrogen, and analyzed with synchrotron X-ray radiation near the selenium edge at the Structural Biology Center, sector 19-ID beamline, at the Advanced Photon Source, Argonne National Laboratory.
Data collection, structure determination, and refinement. One crystal was subjected to an X-ray fluorescence scan to determine the selenium K absorption edge. Data were collected at 100 K to 1.90 Å at the peak wavelength (0.9790 Å) for the single best seleno-Met-substituted Crl crystal and processed using the HKL-3000 suite (25) . Single-wavelength anomalous diffraction data) were used to solve the structure, as implemented in the HKL-3000 structure solution package. A single selenium site was located with SHELXCD, and phases were calculated and improved with iterative rounds of MLPHARE and DM (29) . An initial model was built with ARP/wARP (26) . The model was completed manually with Coot (27) , and the structure was refined with Refmac5 (28) from the CCP4 suite (29) . The structure's all-atom contacts and geometry were analyzed with MolProbity (30) and further refined. The final atomic coordinates and amplitudes have been deposited in the Protein Data Bank (PDB).
BPA-mediated cross-linking assays. 32 P radiolabeling of proteins was performed using protein kinase A from bovine heart (Sigma) and an Nterminally encoded HMK recognition site, as previously described (31, 32) . Photoactivated cross-linking of proteins with BPA substitutions was performed in duplicate, as described previously (7, 24) .
BTH analysis. Protein-protein interaction was determined using a previously described method utilizing an RNAP ␣ subunit fusion protein, a cI fusion protein, and a lacZ reporter construct (33, 34) . ␤-Galactosidase assays were performed in 96-well microtiter plates as previously described (7, 35) .
In vivo promoter activity assays. ␤-Galactosidase activity assays from an osmY promoter-lacZ transcriptional fusion (see above) (7) were performed on cells harvested during the transition from exponential to early stationary phase (optical density at 600 nm [OD 600 ] Ϸ 1.4). For the complementation experiments, Crl was encoded on a plasmid under the control of an IPTG-inducible pTrc promoter. Crl variants were constructed in single copies on the chromosome at the native crl location for analysis in vivo.
In vitro promoter activity assays. Multiple-round transcription was performed on plasmid templates as described previously (7) . The osmY promoter sequence endpoints on the plasmid used as a template in the in vitro transcription assays were Ϫ107 to ϩ20 with respect to the transcription start site.
Western analysis. Western analysis was performed in triplicate from cells harvested during the transition from exponential to early stationary phase (OD 600 Ϸ 1.4) using a Crl polyclonal antibody (36) .
Computational analyses. Sequences were obtained from the Joint Genome Institute-Integrated Microbial Genomes (JGI-IMG) (http://img.jgi .doe.gov) (37) website and aligned using ClustalX (38) or Mult Align (39) . Sequence similarities, surface accessibility, and secondary-structure information from aligned sequences were rendered (see Fig. 1B ) using ESPript 3.0 (40), which calculates a solvent accessibility value for each residue using DSSP (41) . Redundancy in the data set was reduced to 95% similarity using Decrease Redundancy (http://web.expasy.org/decrease _redundancy/). Conservation scores were calculated using ConSurf (http: //consurf.tau.ac.il/) (42) . A fractional accessible surface area (ASA) of amino acids (see Fig. 3 ) was calculated using Vadar (43) . The E. coli structural homology model used (see Fig. 3 and 6) was created based on the P. mirabilis X-ray crystal structure using Phyre (44) . The quality of this model was evaluated using the structure assessment tool of the SWISS-MODEL protein structure homology-modeling server (http://swissmodel .expasy.org) (45) . The model had an overall QMEAN6 score of 0.782. The QMEAN6 score is a composite score consisting of a linear combination of 6 terms to estimate model reliability. This quality estimate ranges between 0 and 1, with 1 being ideal (46) .
Protein structure accession number. The final atomic coordinates and structure factors have been deposited in the PDB with accession number 3RPJ.
RESULTS

Structure of P. mirabilis Crl.
Crl is a small (133 amino acids in P. mirabilis) globular protein. The X-ray crystal structure of P. mirabilis Crl was refined to a resolution of 1.90 Å (PDB 3RPJ; see Materials and Methods) (Fig. 1A) . Data collection and structure refinement statistics are provided in Table S1 in the supplemental material. The structure provides a framework for understanding the interaction of Crl with S and therefore the molecular mechanism by which Crl modulates RNAP assembly.
Crl forms a globular ␣ ϩ ␤ fold consisting of 5 ␤-strands, 2 ␣-helices, and two short 3 10 -helices (). A total of five ␤-turns occur between helices ␣1 and 1, helix 1 and strand ␤1, ␤1 and 2, strands ␤2 and ␤3, and strands ␤3 and ␤4. A groove (central cleft) is located on one surface of the protein, the bottom of which is formed by a 4-stranded anti-parallel ␤-sheet (strands ␤1 to ␤4) and rimmed by the intervening loops between these strands. Amino acids within the cleft are evolutionarily conserved, especially those from the first ␤-turn through ␤2. The opposite surface of the protein is dominated by two long helices, ␣-1 and ␣-2, that consist of largely nonconserved amino acids ( Fig. 1B and C) . The fold comes to an end with strand ␤-5, running parallel to ␤-3, and helix 3. The protein has little or no apparent structural similarity to previously described folds as determined by a three-dimensional (3D) structure search performed by the protein structure comparison service Fold at the European Bioinformatics Institute (http://www.ebi.ac.uk/msd-srv/ssm). No hits were found with a P score above 1.1. The P score is calibrated so that values below 3 are statistically insignificant (47) . There are two copies of Crl in the asymmetric unit, with monomers from two adjacent asymmetric units forming a potential dimer interface with a buried surface area of 1,400 Å 2 (see Fig. S1 in the supplemental material). Conservation of Crl. We identified Crl homologs in 190 of 2,126 nonredundant bacterial genomes analyzed, comprising 4 orders of gammaproteobacteria: Enterobacteriales (20 genera, including Escherichia, Proteus, and Salmonella), Vibrionales (2 genera), Aeromonadales (2 genera), and Alteromonadales (1 genus). We generated an alignment of 51 Crl sequences from the database that were less than 95% identical but were evolutionarily diverse to avoid overrepresentation of closely related groups (see Table S2 in the supplemental material). We then used this alignment to determine the conservation and variation among residues in Crl homologs (see Fig. S2A in the supplemental material). The conserved residues are shown in an alignment of amino acid sequences from representative genera (Fig. 1B) and displayed on a surface representation of the structure in Fig. 1C . Several highly conserved clusters were apparent, including (E. coli numbering) GPYXR (residues 20 to 24), FDCLAXC (35 to 41), and PEXREF WGWW (48 to 57) (Fig. 1B) . Because the surface on S that interacts with Crl is highly conserved (7) (see Fig. S2B in the supplemental material), we speculated that the complementary surface on Crl that interacts with S might also be highly conserved and include one or more of these conserved clusters. Crl has many conserved charged residues; a predicted electrostatic surface distribution is represented in Fig. 1D .
Evolutionarily diverse Crl homologs interact with E. coli S and complement Crl function in vivo. The Crl homolog from P. mirabilis is 47% identical/65% similar to E. coli Crl. In contrast, S 2 , the domain of S that interacts with Crl, is much more highly conserved between P. mirabilis and E. coli (93% identical/98% similar). Crl function has been investigated in detail only in E. coli and S. enterica. Therefore, to address whether the structure of the P. mirabilis Crl homolog was appropriate for modeling the structure of E. coli Crl and its interaction with S 2 , we used a complementation assay to determine whether P. mirabilis Crl can function similarly to E. coli Crl in vivo. We also investigated the Crl homolog from Vibrio harveyi, also a gammaproteobacterium but more divergent from E. coli (39% identity/56% similarity) than the enterobacterium P. mirabilis.
E. coli Crl, or the P. mirabilis or V. harveyi Crl homolog, was expressed from a plasmid in an E. coli strain lacking crl. Both the P. mirabilis and V. harveyi Crl homologs increased transcription from the rpoS-dependent osmY promoter-lacZ fusion to about the same level as E. coli Crl or when Crl was expressed from its native locus on the E. coli chromosome (Fig. 2A) . Thus, even though the P. mirabilis and V. harveyi Crl homologs are quite divergent, they can complement E. coli Crl function.
We next examined the interaction of E. coli S with the P. mirabilis and V. harveyi Crl homologs by BTH analysis to confirm that their complementation reflects an interaction with S similar to that of E. coli Crl (Fig. 2B) . P. mirabilis and V. harveyi Crl interacted with wild-type (WT) E. coli S 2 as well as did E. coli Crl (Fig. 2B, black bars) . We showed previously that an E137Q substitution in E. coli E137Q. These results confirmed that the Crl homologs acted like E. coli Crl; therefore, we used the P. mirabilis Crl structure as a model for subsequent studies of the Crl-S interaction. Genetic complementation analysis β-galactosidase activity (MU) The central cleft of Crl contains conserved residues critical for the interaction with S . We constructed a homology model of E. coli Crl based on the P. mirabilis Crl structure. We used this model, in combination with data from three BTH data sets, to identify surface-exposed residues necessary for the Crl-S 2 interaction. Solvent exposure was estimated using ESPript 3.0 (40, 41) (Fig. 1B) (see Materials and Methods). Because several of the residues in S 2 that were necessary for interaction with Crl are acidic, D or E (7), we reasoned that conserved basic amino acids in Crl with basic side chains might mediate an electrostatic/salt bridgemediated interaction with S . Therefore, as a first step for identifying the surface in Crl that interacts with S , we tested charge switch and alanine substitutions for seven conserved surface-exposed basic amino acids in Crl (K9, R11, K14, R24, K45, R51, and K78) by BTH analysis. Only substitutions for R51 had a significant defect in the interaction with S 2 (Fig. 3A, teal asterisks, and B,  teal) .
We next performed a less biased screen for loss of interaction with S 2 by creating a Crl mutant library by error-prone PCR. After performing BTH analysis, we selected 172 colonies with reduced ␤-galactosidase activities on indicator plates, analyzed their crl sequences, and identified 32 Crl variants with unique single amino acid substitutions at 21 positions. Proline substitutions might disrupt the protein fold, leading to a loss-of-function phenotype without helping to define a surface that interacts with S 2 . Therefore, we eliminated the proline variants, leaving 25 unique single amino acid substitutions at 18 positions for which we determined the corresponding ␤-galactosidase activities in liquid culture (Fig. 3C) . Since substitutions of residues on the surface of Crl would be most likely to disrupt the interaction directly (rather than affecting ␤-galactosidase activity indirectly by causing protein misfolding and/or instability), we also used an additional computational approach, the program Vadar (43) , to analyze the Crl homology model in order to determine the residues in Crl with the most surface exposure. Residues are grouped into classes according to the calculated fractional ASA (Fig. 3C) . Three substitutions resulted in reduced activities in the BTH assay (Ͻ70% of the WT value) and were on the surface of Crl (Vadar ASA Ͼ 1), namely, C37Y, L38Q, and E52G (Fig. 3C , teal asterisks; C37 and L38 are in teal in Fig. 3B ; E52 is between R51 and F53 but is not visible in the view shown). These evolutionarily conserved surface positions are adjacent to each other and to the residue that was identified as crucial for Crl-S 2 interaction in the BTH screen of basic residues, R51 (Fig. 3A) .
We also used our homology model to evaluate an S. enterica Crl BTH data set from a previous study in which residues that were coli Crl. Surface-exposed conserved residues identified from our BTH analyses are shown in teal, as are F53 and Y22, which were identified in a previous study (48) . Residue E52 (labeled "hidden") is surface exposed but is not visible in this view. (C) BTH assay as in panel A, except with Crl variants generated by random PCR mutagenesis. Black bars, WT Crl and an unfused control (Ϫ). The bar shading of the variants indicates the fractional ASA determined by Vadar (43) . The asterisks indicate variants that have reduced interaction and more surface exposure.
100% conserved were replaced with alanines (48) . Four of the substitutions in that screen met our analysis criteria, namely, Y22A, R51A, E52A, and F53A. Although we did not find Y22 or F53 substitutions in our loss-of-interaction screens in E. coli, we found adjacent residues, I23, R51, E52, and W54, further supporting the importance of this area for Crl interaction.
Since our random-mutagenesis screen was not saturating and our criteria were very stringent, we probably have not identified all the residues that contribute to the Crl-S 2 interaction. Nevertheless, together, the 3 data sets identified a patch of residues in the evolutionarily conserved central cleft of Crl that is necessary for interaction with S 2 (Fig. 3B, teal) . The R51 patch is required for activation of transcription in vivo and in vitro in the context of full-length S . The BTH analyses identified a patch on Crl that interacts with S , consistent with its surface exposure, positive charge (which made it a candidate to interact directly with the critical acidic patch on S ), and evolutionary conservation. We next tested the importance of residues within the proposed S interaction patch in Crl in a more physiologically relevant context, i.e., when there were native levels of the full-length interacting partners in vivo. Crl R51 was chosen from among the other residues in the patch because of its strong phenotype in the BTH assays, its conservation, and its positive charge, but we also analyzed a few nearby residues in the proposed interaction patch. Substitutions coding for alanine substitutions (which truncate the side chain beyond the C-beta atom), as well as less disruptive conservative substitutions, were constructed and introduced into the crl gene in its native chromosomal context by Red-mediated recombination. Relative to a strain lacking crl, wild-type Crl increased the activity of the rpoS-dependent osmY promoter-lacZ fusion ϳ3-fold during the transition to stationary phase, when both Crl and S concentrations increase (Fig. 4A [cf. Fig. 2A]) (12, 49) . Mutant strains encoding Crl R51A or even the more conservative variant R51K failed to increase osmY-lacZ activity. The Crl variant F53Y was only slightly defective in activation, but the F53A substitution was inactive, suggesting that maintaining the hydrophobicity of the F53 side chain is necessary for function. E52A did not affect osmY-lacZ activity significantly, suggesting that its side chain is unlikely to contribute directly to the interaction with S . Because loss of function in vivo could result from a reduction in protein stability rather than from loss of an interaction with S , we analyzed Crl levels in the wild-type and mutant strains using Western blots with a polyclonal anti-Crl antibody (Fig. 4B) . Crl levels were not reduced in the activation-defective crl mutants relative to the level of Crl in the wild-type strain. These results indicate that the loss of transcription activation did not result from degradation of the mutant proteins. Interestingly, the levels of some of the Crl variants were greater than the wild-type level (see Discussion).
To ensure that the failure of the crl mutant strains to activate transcription in vivo was not indirect, we overexpressed and purified the most defective Crl variant proteins, R51A and R51K, and tested their effects on transcription by E S in vitro from the osmY promoter. A representative transcription gel is shown in Fig. 5A , and quantitation of the results with both R51A and R51K, as well as wild-type Crl, is shown in Fig. 5B . Consistent with their effects in vivo, wild-type Crl increased transcription Ͼ2-fold in vitro, whereas the R51A and R51K Crl variants failed to increase transcription (Fig. 5A) . Interestingly, the activation-defective Crl variants actually inhibited transcription in vitro (Fig. 5B ) (see Discussion). Further studies will be needed to define the identities of the complete set of residues in the patch that interacts directly with S . BPA-mediated cross-linking supports the identification of the Crl surface that interacts with S . To demonstrate a physical interaction of S near the proposed Crl interaction patch, we used a UV-cross-linking approach. BPA residues were substituted individually into Crl at positions surrounding the proposed site of interaction with S using an orthologous tRNA/tRNA synthetase system (23) . The positions in Crl for incorporation of BPA were chosen to be near but not within the interaction patch so that they would not interfere with S binding or perturb the Crl structure. Seventeen Crl variants were purified, each containing a single BPA substitution (for residues S10, A18, E25, G26, K27, V44, A47, V50, E59, F76, A79, R95, E97, H98, E105, T113, or K117).
Although we tried to avoid creating destabilizing substitutions, it was nonetheless possible that some mutant proteins have been inactivated by BPA incorporation, either because the substitution interfered with the interaction with S or because the proteins did not fold correctly. To identify and eliminate these proteins from further consideration, we utilized S (F79-BPA), a S variant that cross-links to wild-type Crl (7) . Eleven of the Crl-BPA variants cross-linked to S (F79-BPA): G26, V44, A47, V50, E59, F76, A79, R95, E97, H98, and E105 [because the S (F79-BPA) residue crosslinked to Crl and/or because the Crl-BPA residue cross-linked to S ] (Fig. 6A) , demonstrating that these BPA substitutions did not interfere with the Crl-S interaction. The Crl-BPA proteins were then examined for cross-linking to wild-type S (i.e., without F79-BPA) (Fig. 6B) . Crl proteins containing BPA at position G26, V44, A47, V50, A79, or H98 crosslinked strongly to wild-type S (Fig. 6C, orange) , forming a ring around the proposed interaction patch (Fig. 3B and 6C, teal) , which includes the critical residue R51. R95-BPA and E105-BPA cross-linked very weakly (the bands are barely visible in Fig. 6B) , and 2 residues on the other surface of Crl, E97-BPA and E59-BPA, failed to cross-link to S at all (Fig. 6B and D, gray) , consistent with the model in which the interaction is located on one surface of the protein in an area we refer to as the central cleft. Despite being near the central cleft, F76-BPA failed to cross-link to wildtype S , suggesting that proximity is necessary but not sufficient for cross-linking; the reactive group must also be oriented properly. The fact that only a subset of the BPA-containing Crl proteins that cross-linked to S (F79-BPA) also cross-linked to wild-type S suggests that complex formation was specific.
DISCUSSION
Identification of the S binding site on Crl. Taken together, the structure of Crl and the identification of its evolutionarily conserved regions ( Fig. 1 ; see Fig. S2 in the supplemental material), the complementation of E. coli crl mutant strains by diverse Crl proteins (Fig. 2) , the BTH analysis of Crl variants with S 2 (Fig. 3) , the transcriptional analyses of crl mutants in vivo (Fig. 4) and in vitro (Fig. 5) , and the cross-linking of Crl to S (Fig. 6 ) support the model shown in Fig. 6C , in which S interacts with a highly conserved cleft on one face of Crl. The arginine 51 side chain is critical for this interaction.
In a previous study, Monteil and colleagues introduced alanine (Fig. 3B shows the identities of residues in addition to R51).
substitutions at selected conserved positions in S. enterica Crl and analyzed their interaction with S 2 using the BTH assay (48) . Without structural information, it was not possible to evaluate whether defects in interaction with S 2 resulted from substitutions that disrupted protein structure in general or specific defects in the interaction with S . Nevertheless, three of the substitutions in Crl that eliminated its interaction with S in that study, Y22A, R51A, and F53A, are within/adjacent to the patch identified here.
Our BTH analysis, combined with that by Monteil and colleagues (48) , along with the results from our BPA-mediated crosslinking and functional analyses, indicate that S interacts with a highly conserved central cleft in Crl. Additional conserved surface-exposed residues in and around this cleft, including several proline and cysteine residues, as well as some nearby residues with charged side chains, suggest that the interaction is complex. Additional residues not identified in our analyses could also contribute to the interaction.
Some of the substitutions in the proposed S binding interface of Crl increased the concentration of the Crl variant relative to that of wild-type Crl in vivo (Fig. 4B) . Potential explanations are that the S binding interface on Crl is a protease target and that the substitution stabilizes the protein against protease attack or that Crl somehow inhibits its own expression through feedback by a mechanism requiring an intact S interface. Mechanism of transcriptional regulation by Crl. The interaction between Crl and S is consistent with several possible mechanisms for stimulation of holoenzyme assembly. Crl could help S interact with core RNAP by acting as a molecular tether, increasing the stability of the holoenzyme. This mechanism could involve repositioning S within the E S complex or an increase in the stability of the S -core RNAP complex. A potential effect of Crl on stabilization of the holoenzyme complex does not rule out the possibility that Crl could also alter the conformation of S prior to binding to core, for example, by helping unfold free S and thereby unmasking key core binding determinants in S . Crl could have effects on holoenzyme assembly in addition to these molecular-tethering-like or chaperone-unfolding-like roles. For example, Crl could remain associated with the holoenzyme and play roles in promoter binding or promoter escape. Because the residues in S 2 that bind Crl are very close to those that bind to the Ϫ10 element (7), if Crl were to remain bound to the holoenzyme, it is reasonable to expect that it could affect subsequent steps in transcription initiation.
We observed inhibition of transcription at high concentrations of the R51A and R51K Crl variants in vitro (Fig. 5B) . Whatever the mechanism of inhibition, its significance is unclear, since we did not observe inhibition of the same promoter by the same mutant proteins when expressed from the native locus in vivo (Fig. 4A) .
We note that a few other transcriptional regulators unrelated to Crl have been identified recently that associate with 2 in other bacterial species and act positively on transcription initiation (50) (51) (52) . Although their mechanism(s) of action is not yet understood, we speculate that factors that bind 2 and influence sigma factor competition could be widespread in nature.
Role of Crl in regulation of transcription initiation. Our data suggest that Crl homologs from diverse species can interact with S and stimulate transcription from S -dependent promoters. Some Crl homologs may be difficult to identify based on sequence similarity alone, and conditions that lead to increases in the concentration of Crl (and therefore to increased S -dependent transcription) could vary among bacterial species. In this context, we note that residues near the N and C termini of Crl may impact recognition by ClpXP and thus Crl protein stability (53), potentially tying S -dependent expression to the regulation of ClpXP. It was also reported recently that crl gene expression is regulated by nitrogen stress (36) .
Future work may uncover conditions under which Crl stimulates transcription in other bacterial species that are quite different from the conditions under which Crl is needed in E. coli. Conversely, Crl may not be required in organisms that do not experience frequent perturbations in environmental conditions. Even in organisms containing the crl gene, its deletion may not have a prominent phenotype (54) . It is possible that Crl recognition sequences are present in different sigma factors in different bacterial species. This would allow Crl to stimulate the expression of different regulons depending on the organism. In this context, we note that we were able to create a Crl-binding version of 70 2 (7). Interestingly, when we imported the recognition determinants for Crl binding into the chromosomal (and only) copy of 70 , however, there were severe defects in bacterial growth (55) .
